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Abstract Release of corticosterone in hungry kittiwake
chicks facilitates begging and allows them to restore
depleted energy reserves by increasing parental food
provisioning. However, in order to avoid detrimental
effects of chronic elevation of corticosterone, chicks
might suppress adrenocortical activity in response to
prolonged food shortages. In this study we examined
temporal dynamics of corticosterone release in red-leg-
ged kittiwake (Rissa brevirostris) chicks exposed to
prolonged restrictions in energy content and/or nutri-
tional quality (low versus high lipid content) of their
food. Starting at the age of 15 days, chicks were fed
either high- or low-lipid fish at 40%, 65%, and 100% of
ad libitum energy intake. Body mass measurements and
baseline plasma samples were taken on a weekly basis
after beginning of the treatment. After 3 weeks of
treatment, chicks were exposed to a standardized acute
handling and restraint stress protocol, where in addition
to a baseline sample, three plasma samples were taken at
intervals up to 50 min. We found that food-restricted
chicks had lower body mass, chronically (during 2—
3 weeks) elevated baseline and higher acute stress-in-
duced levels of corticosterone compared to chicks fed ad
libitum. Low lipid content of food further exacerbated
these effects. An increase in baseline levels of corticos-
terone was observed within a week after energy re-
quirements of food-restricted chicks exceeded their daily
energy intake. A tendency for suppression of adreno-
cortical activity was observed in treatments fed low-lipid
diets only at the end of the experiment. We suggest that
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nest-bound chicks, if food-stressed, might suffer delete-
rious effects of chronic elevation of corticosterone.
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Introduction

Nest-bound chicks of several species of seabirds respond
to food shortages by increasing corticosterone secretion
(e.g., blue-footed boobies Sula nebouxii, Nunez-de la
Mora et al. 1996; black-legged kittiwakes, Rissa tridac-
tyla, Kitaysky et al. 1999a). Release of corticosterone (at
concentrations similar to baseline levels of food-
restricted individuals and/or stress-induced levels of
corticosterone in individuals fed ad libitum) in hungry
kittiwake chicks allows them to restore depleted energy
reserves by facilitating begging and thereby increasing
parental food provisioning (Kitaysky et al. 2001).
However, chronic elevation of corticosterone at stress-
induced levels can be detrimental (Sapolsky et al. 1986;
Sapolsky 1992; recent review in Welberg and Seckl
2001). In order to avoid possible detrimental effects of
chronic elevation of corticosterone, nest-bound seabird
chicks might suppress adrenocortical activity in response
to prolonged food shortages.

As a group, seabirds have evolved multiple behav-
ioral and physiological traits allowing them to cope
with high variability in food resources (Lack 1968). It
might be beneficial for seabird chicks to decrease cor-
ticosterone secretion in response to prolonged food
shortages. Seabird parents are not always able (or
willing) to compensate for a decrease in food avail-
ability by increasing their effort in foraging for the
young and chick provisioning with food may remain
low for extended periods of time (e.g., Kitaysky 1996;
Kitaysky et al. 2000). When this is the case, seabird
chicks are able to adjust their developmental rate to the
rate of energy provisioning by parents and fledge suc-
cessfully despite severe food shortages (Kitaysky 1999).
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It is not known whether reduced production and/or
release of corticosterone is characteristic for slowly de-
veloping under-nourished seabird chicks, but a recent
study of the domestic turkey (Meleagris gallopavo)
suggests that a long-term (4 weeks) nutritional stress
might cause a diminished adrenocortical activity (Carsia
and Mcllroy 1998). A suppression of adrenocortical
response to an acute stressor was also documented in
adult black-legged kittiwakes breeding during long-term
food shortages (Kitaysky et al. 1999b). Elevated secre-
tion of corticosterone can change metabolic pathways
so that nutritionally stressed individuals rely on catab-
olism of proteins to fuel their activities (Axelrod and
Reisine 1984; Le Ninan et al. 1988; Cherel et al. 1992).
As a short-term benefit, a reduced production of cor-
ticosterone would allow under-nourished seabird chicks
to avoid loss of skeletal muscle proteins. As a long-term
benefit, a reduced production of corticosterone would
allow slowly developing individuals to elude lasting
detrimental effects of chronically increased corticoster-
one such as a suppressed immune system and neuronal
cell death (Sapolsky et al. 1986; Sapolsky 1992; also
reviewed in Sapolsky et al. 2000).

The temporal dynamics of corticosterone release in
response to prolonged food shortages are not well stud-
ied. In the king penguin, Aptenodytes patagonica, 3- to 4-
month-old chicks are able to tolerate 100 days of natural
winter fast without a substantial increase in corticoster-
one secretion (Le Ninan et al. 1988). However, in seabirds
that provision their chicks with food in a continuous
manner, elevated levels of corticosterone in chicks were
documented within two days of fasting (Nunez-de la
Mora et al. 1996), and after 3 weeks of moderate food
restriction (Kitaysky et al. 1999a). Although increased
corticosterone secretion was shown to be strongly nega-
tively correlated with endogenous fat reserves at the end
of 3 weeks food restriction in kittiwake chicks (Kitaysky
et al. 1999a), it remains to be shown whether nest-bound
seabird chicks experience chronic elevation of corticos-
terone during prolonged food-shortages.

The functional relationship between diet composition
and the physiological condition of young seabirds can be
measured using well-characterized responses of adreno-
cortical hormones to stress (Kitaysky et al. 1999a).
Controlled experiments have shown that food-related
stress can account for the lower body mass, depleted fat
reserves, and elevated baseline levels of corticosterone of
birds at fledging when compared to birds raised on ad
libitum nutritional regimes (Boag 1987; Kitaysky 1999;
Kitaysky et al. 1999a; Romano 2000). If baseline levels
of corticosterone appear normal, the pattern and extent
of corticosterone secretion following the application of a
standardized stressor, such as capture, handling and
restraint, indicates increased potential for stress (Wing-
field 1994). For example, in black-legged kittiwake
chicks, prolonged dietary restrictions enhance adreno-
cortical response to a standardized stressor even though
baseline levels of corticosterone appear normal (Kitay-
sky et al. 1999a).

In this study we examined the relationship between
energy intake, diet quality, baseline levels of corticoster-
one and standardized acute stress-response (sensu Wing-
field et al. 1992) in captive red-legged kittiwake (Rissa
brevirostris) chicks. The major goal of this study was to
assess temporal dynamics of corticosterone release in re-
lation to the long-term alterations in quality or energy
content of diet and short-term energy demands of grow-
ing chicks. For comparison with a natural system, we also
measured adrenocortical response of wild red-legged
kittiwake chicks exposed to a standardized stressor.

Materials and methods

Partially incubated eggs of free-living red-legged kittiwakes were
collected on St. George Island in the south-eastern Bering Sea and
transported to the University of Washington facilities. Eggs were
incubated using Lyon incubators at 37.2°C and 56% relative hu-
midity until hatching. Chicks were raised in individual nests at
30°C and 80% relative humidity (newly-hatched to 10 days post-
hatch), at 25°C and 70% relative humidity (10-25 days post-
hatch), and at outdoor ambient temperatures and humidity until
fledging (42-55 days post-hatch). Chicks were hand-fed a mixture
of high-lipid forage fish given ad libitum until the experiment.
Starting at the age of 15 days post-hatch, either low quality fish,
rainbow smelt, Osmerus mordax (lipid to protein ratio, LPR =0.61,
hereafter called “low-lipid diet”), or high quality silverside, Meni-
dia menidia (LPR = 1.47, hereafter called “high-lipid diet”) were fed
to chicks for 21 days (Table 1). The energy content of silverside
was calculated from the results of proximate analyses of whole fish
(for details of the analysis see Romano 2000, and Kitaysky et al.
1999a). The energy content of rainbow smelt was also calculated
from the results of proximate analyses of whole fish (as reported by
a commercial provider, Shoreline). Chicks received either
565.1 kJ day™' of high-lipid diet (80 g day™', wet fish biomass),
353.2 kJ day ' of high-lipid diet (50 g day '), 356.3 kJ day ' of
low-lipid diet (80 g day!), or 222.7 kJ day ' of low-lipid diet
(50 g day ). Daily food intake of 7- to 8-week-old captive red-
legged kittiwake chicks (n=15) fed high-lipid diet ad libitum was on
average 83.9+12.54 g day ! (mean+SD; A.S. Kitaysky et al.,
unpublished observations). Therefore, in this study chick energy
intake was at ~40%, 65%, and 100% of the ad libitum ration. To
control for possible effects of dietary restrictions other than lipids
to protein ratio and daily energy intake, all chicks received an
excess of multi-vitamin/mineral supplement (one tablet of USP
quality Kirkland Signature on daily basis) in their food. To control
for possible effects of captivity on the stress-response of the ex-
perimental birds, free-living red-legged kittiwake chicks (similar to
the experimental birds’ ages) were taken from their nests at St.
George Island and exposed to handling stress, and blood samples
were taken as described below.

Body mass of post-absorptive chicks was measured every
5 days. To compare chick’s energy requirements with its daily en-
ergy intake during treatment, we used the equation [log;oresting
metabolic rate (kJ day ')=0.87+0.70log,obody mass (g, wet)] ex-
perimentally derived for growing post-absorptive seabird chicks
(Kitaysky 1999). Metabolizable energy of forage fish used in this
study was assumed at 87% of total energy intake, as determined
earlier for growing black-legged kittiwake chicks (Romano 2000).

A blood sample of undisturbed (collected immediately after
taking a chick from the nest) post-absorptive (after overnight fast)
chicks was taken on weekly basis starting at the beginning of the
experiment. Blood samples were collected by puncturing the alar
vein and collecting blood in 100-pl heparinized hematocrit tubes.
At the end of the experiment, post-absorptive chicks were exposed
to a standardized acute handling and restraint stress protocol,
where in addition to the first blood sample (baseline) three blood
samples (acute stress response) were taken at intervals of 10 min,
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Table 1 Experimental protocols and body mass of red-legged kittiwake chicks (LPR lipid to protein ratio). LPR ratio for lanternfish

(Stenobrachius sp.) from Van Pelt et al. (1997)

Diet composition LPR Food intake Energy intake Body mass at 15 days old Body mass at 35 days old n
(wet, gd ™" (kJ d)
Mean SE Mean SE
Silverside 1.47 80 565.1 181.8 12.4 338.0 3.5 5
Rainbow smelt 0.61 80 356.3 177.2 13.0 237.5 49 5
Silverside 1.47 50 353.2 185.3 10.9 262.0 3.7 6
Rainbow smelt 0.61 50 222.7 187.4 9.6 188.9 2.0 5
Lanternfish® 2.96 ? ? - - 339.2°¢ 42.2 5
Lanternfish® 373.5° 11.5 2

4~30-day-old wild chicks infested with ticks
®~30-day-old wild chicks with no ticks

‘It was not possible to control for the post-absorptive condition of wild chicks and their body mass reflects weight of the bird as well as

mass of ingested food and feces

30 min, and 50 min after capture. All captive and wild chicks were
bled between 1000 hours and 1400 hours according to the follow-
ing standardized technique. After each sample, blood flow was
stopped by the application of cotton, and birds were placed indi-
vidually into cloth bags. After blood collection, hematocrit tubes
were emptied into 0.5-ml vials, which were stored on ice (in the
field) or in a refrigerator at 4°C (in the laboratory). Blood samples
were centrifuged and plasma collected within 6 h.

Plasma samples were frozen at —20°C until radioimmunoassay
analyses (for details see Wingfield and Farner 1975; Wingfield et al.
1992). The concentrations of corticosterone in plasma samples were
measured using 20 pul of plasma. Steroid concentrations were
measured in duplicate for each sample after extraction in 4 ml of
dichloromethane. Recovery values (ranging from 85% to 97%)
following extraction were used to adjust assayed concentrations of
steroids. All baseline plasma samples were processed in one assay,
and all plasma samples collected during stress-series were processed
in the second assay. Intra- and inter-assay coefficients of variation
were 5% and 8%, respectively.

All chicks survived the experiment, were fed ad libitum after
dietary restriction was lifted, and 2 months after fledging were
transferred to Alaska SeaLife Center (Seward, Alaska).

Statistical analyses

Body mass and baseline levels of corticosterone prior to the ex-
periment were tested with one-way ANOVA, with treatment as a
factor. The effects of the experimental treatments on body mass of
chicks at the end of treatment were examined with two-way
ANOVA (followed by Tukey Post Hoc test for pairwise compari-
sons), where daily energy intake and quality of food (LPR) were
used as factors. The effects of daily energy intake and quality of the
food on temporal dynamics of baseline levels of corticosterone were
examined with repeated measures two-way ANOVA, where daily
energy intake and LPR were used as factors and a duration of
treatment as a repeated measure. The effects of the experimental
treatments on acute stress-induced levels of corticosterone were
examined with repeated-measures ANOVA, where experimental
treatments were used as factors and samples obtained from the
same chick during the acute stress protocol as repeated measures.
The effects of chicks’ body mass on baseline levels of corticosterone
and stress response to handling (expressed as a maximal level of
corticosterone achieved during 50 min of restraint) were examined
by using regression analyses.

Wild chicks were infested with hard ticks (Exodes sp.) making a
statistical comparison with not-infested captives invalid. An effect
of tick infestation on baseline levels of corticosterone in wild chicks
was examined by using linear regression analysis where number of
ticks (found feeding on the individual chick) was used as an inde-
pendent variable.

During statistical analyses, initial data were tested for as-
sumptions required by parametric statistical tests according to
Sokal and Rohlf (1981). If these data violated assumptions they

were logjo-transformed and examined again. All computations
were performed by using SYSTAT statistical package (Wilkinson
1992). Statistical significance was assumed at P <0.05.

Results

Body mass and baseline levels of corticosterone were
similar among treatments prior to the experiment (F3, 17
=0.15, P=0.930 for body mass, Fig. 1; and F5 7
=1.73, P=0.199 for baseline corticosterone, Fig. 2,
upper panel).

Effects of food-stress on growth of body mass

The diets significantly affected body mass of chicks at
the end of treatment (daily food intake effect:
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Fig. 1 Growth rate of body mass (means, +SE) of red-legged
kittiwake chicks in relation to daily energy intake (40%, 65%, and
100% of the ad libitum), diet composition (lipid to protein ration,
LPR: low-lipid =0.61, high-lipid = 1.47), and duration of treatment
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Fig. 2 Upper panel: baseline
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Fy 17=282.10, P<0.0001; LPR effect: F; 17=>547.70,
P <0.0001, Table 1). Also, there was a significant effect
of interaction between daily food intake and quality
(LPR) of food on chick’s body mass (F;, 17=13.58,
P<0.002). In particular, chicks that received
356.3 kJ day ! of low-lipid diet were significantly lighter
at the end of treatment compared to chicks fed
353.2 kJ day ! of high-lipid diet (Tukey post hoc test:
P=0.001; Fig. 1).

Daily energy requirements versus daily energy intake

Energy requirements of chicks in the different treatments
exceeded their energy intake at different times after the
beginning of treatment (Fig. 2, lower panel). In partic-
ular, metabolizable energy of 50 g day ' low-lipid diet
was lower than the chick’s energy requirements imme-
diately after the start of treatment (Fig. 2, lower panel).
Energy requirements of chicks fed either 80 g day ' of
low-lipid or 50 g day ' of high-lipid diets first exceeded
metabolizable energy of their food during the 2nd week
of treatment (Fig. 2, lower panel). In contrast, meta-
bolizable energy of 80 g day ! high-lipid diet exceeded
energy requirements of controls during the treatment
(Fig. 2, lower panel).

Effects of food-stress on temporal dynamics
of baseline levels of corticosterone

The experimental treatments had a highly significant
effect on baseline levels of corticosterone during treat-
ment (daily food intake effect: Fy ;;=14.26, P=0.002;
LPR effect: F; ;;=51.27, P<0.001; daily food in-

Duration of treatment (days)

takexLPR interaction term: F; ;=0.212, P=0.651,
Fig. 2, upper panel). Baseline levels of corticosterone
were significantly elevated during the experiment in all
food-restricted chicks compared to controls (treatment
duration effect: F, 34=11.39, P<0.001, Fig. 2, upper
panel). However, the elevation in baseline levels of cor-
ticosterone was significantly higher in chicks that were
fed low-lipid diet than in chicks that were fed high-lipid
diet (treatment durationxLPR interaction term:
F, 34=5.04, P=0.012, Fig. 2, upper panel). Also, an
elevation of baseline levels of corticosterone appeared
significantly earlier in chicks that received 50 g day—1 of
low-lipid diet compared to chicks that were fed either
80 g day—1 of low-lipid or 50 g day—1 of high-lipid diets
(treatment durationxLPRxdaily food intake interaction
term: F» 34=3.71, P=0.035, Fig. 2, upper panel). In
particular, elevation in baseline levels of corticosterone
occurred during the 1st week in the most restricted
(50 g day—1 of low-lipid diet) treatment, and during the
2nd week in the two other food-restricted treatments
(Fig. 2, upper panel).

A decrease in baseline levels was observed between
day 14 and day 21 of the experiment in the low-lipid
treatments but not in the high-lipid treatments (repeated
measures ANOVA on baseline levels at days 14 and 21
of treatment; treatment durationxLPR interaction term:
Fy 15=17.7, P=0.012, Fig. 2, upper panel).

Acute stress-induced levels of corticosterone
in captive chicks

All captive chicks responded to an acute standardized
stressor with a rapid increase in secretion of corticos-
terone (Fig. 3, left panel).
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Captive chicks fed low-lipid diet responded to acute
stress significantly faster and achieved significantly
higher levels of corticosterone than the chicks fed high-
lipid diet (Fig. 3, left panel; LPR effect: F; 17=19.46,
p<0.001; acute stress effect: F3 s51=12.29, P<0.001;
acute stressxLPR interaction term: F5 5 =3.48,
P=0.028). The adrenal responses were statistically in-
distinguishable among the captive chicks that were fed
either 50 g day ' or 80 g day ' of the same diet (Fig. 3,
left panel; daily food intake effect: F; 7=2.22,
P=0.155; daily food intakexLPR interaction term:
Fy 17=1.39, P=0.255; acute stressxdaily food in-
takexLPR interaction term: £y, ;;=1.76, P=0.174).

Baseline and acute stress-induced levels
of corticosterone in wild chicks

Degree of infestation with hard ticks was significantly
positively correlated with baseline levels of corticoster-
one in wild red-legged kittiwake chicks (R*=0.926,
F,5=628, P=0.001, Fig. 4).

All wild chicks responded to a standardized stressor
by an increased secretion of corticosterone (Fig. 3, right
panel), but the adrenal response of five chicks infested
with ticks tended to be higher than that of two chicks
with no ticks (Fig. 3, right panel).

Body mass and circulating levels of corticosterone

Among the captive chicks the baseline and maximal
acute stress-induced levels of corticosterone were sig-
nificantly negatively correlated with chick body mass
(R*=0.29, F;. 19=7.6, P=0.013 and R*=0.25, F
19=06.46, P=0.02 for the baseline and maximal levels,
respectively).

Duration of handiing (min after capture)

Discussion

In this study we examined whether long-term experi-
mental variations in energy content and quality of food
result in a chronically elevated corticosterone secretion
in red-legged kittiwake chicks.

We found that nutritionally stressed chicks had lower
body mass and chronically higher baseline levels of
corticosterone than chicks fed high-lipid food ad libi-
tum. Baseline levels of corticosterone were elevated for a
longer period of time (3 weeks) in chicks that were re-
stricted in both quantity and quality of food, and for
shorter period (2 weeks) in chicks that were fed either
reduced quantity or quality of food. Timing of an in-
crease in baseline levels of corticosterone in general
reflected the time at which energy demands of food-
restricted chicks exceeded their energy intake. In par-
ticular, metabolizable energy of low-lipid diet given at
50 g day ' was lower than the chick’s energy require-
ments immediately at the beginning of treatment (Fig. 2,
lower panel), and a significant increase of baseline levels
of corticosterone was observed during 1st week of the
experiment (Fig. 2, upper panel). Similarly, energy re-
quirements of chicks fed 80 g day ' of low-lipid and
50 g day ' of high-lipid diets exceeded metabolizable
energy of their food during the 2nd week of the experi-
ment and an increase in baseline levels of corticosterone
was observed during the 2nd week of treatment (Fig. 2,
upper panel). In contrast, metabolizable energy of high-
lipid diet given ad libitum exceeded energy requirements
of control chicks throughout treatment, which was re-
flected in consistently low baseline levels of corticoster-
one of those chicks (Fig. 2, upper panel). We conclude
that increased secretion of corticosterone in kittiwake
chicks reflects negative energy balance experienced by
those chicks. Increased secretion of corticosterone
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Fig. 4 The relationship between infestation with ticks and baseline
levels of corticosterone in 5-week-old wild red-legged kittiwake
chicks (n=17)

probably allows under-nourished chicks rely on protein
catabolism to fuel their increased activity levels (e.g.,
begging rates and aggression; Kitaysky et al. 2001; A.S.
Kitaysky et al., unpublished observations) during food
shortages.

In birds, long-term effects of chronic elevation of
corticosterone during early neonatal development are
poorly known. However, chronic elevation of gluco-
corticoids during prenatal development has long-term
deleterious effects on the affected mammals (reviewed in
Welberg and Seckl 2001). Specifically, chronic elevation
of corticosterone (at concentrations similar to stress-in-
duced levels) is known to suppress memory and immune
systems, promote wasting of muscle tissue, and cause
neuronal cell death (Sapolsky et al. 1986; Sapolsky 1992;
also reviewed in Wingfield 1994; Sapolsky et al. 2000). It
is not known whether the observed chronic elevation of
baseline levels of corticosterone in food-restricted kitti-
wake chicks was high enough to cause long-term dele-
terious effects. However, the baseline levels of
corticosterone observed in low-lipid diet treatments at
the end of the 2nd week of the experiment were similar
to maximal levels of corticosterone achieved during
acute stress procedure by controls. Thus, the observed
chronic elevation of corticosterone was potentially
damaging and could cause long-term deleterious effects
on food-restricted kittiwake chicks. We recently con-
firmed this prediction by showing an impaired cognition
of young kittiwakes exposed to nutritional stress and/or
moderate chronic elevation of corticosterone during
early development (A.S. Kitaysky et al., unpublished
observations).

At the end of the food-restriction period, baseline
levels of corticosterone decreased in chicks fed low-lipid
diet. A physiological mechanism(s) that would allow

chronically stressed chicks to reduce baseline levels of
corticosterone is not known. It is possible that either
clearance rate of plasma corticosterone was higher
among chicks on low-lipid diet, or long-term nutritional
stress reduced adrenal capacity or adrenal sensitivity
(e.g., Rees et al. 1985; Romero et al. 1998). However,
although baseline levels of corticosterone decreased be-
tween the 2nd and 3rd weeks of the experiment in low-
lipid dietary treatments, they were still higher than in
controls. Moreover, chicks on low-lipid dietary treat-
ments also had stronger and quicker adrenocortical
stress-response to a standardized acute stressor than
controls. Therefore, it is unlikely that either adrenal
capacity or sensitivity of chronically food restricted red-
legged kittiwake chicks were impaired. Regardless of
causal factors, a temporal decrease in baseline levels of
corticosterone in nest-bound kittiwake chicks exposed to
prolonged food shortages might represent a mechanism
that allows affected individuals to ameliorate deleterious
effects of chronically high concentrations of corticos-
terone.

Among food-restricted red-legged kittiwake chicks,
low-lipid diet enhanced adrenocortical function com-
pared to high-lipid diet. In particular, diets that were iso-
caloric but different in nutritional quality and fed to
chicks at 65% of ad libitum energy intake, resulted in
higher baseline and acute stress-induced levels of corti-
costerone among chicks raised on the low-lipid diet
compared to those among chicks raised on the high-lipid
diet. Similar results were obtained in an experimental
study of black-legged kittiwake chicks (Kitaysky et al.
1999a). Several studies of birds have established that the
amount of metabolizable energy is positively correlated
with lipids to proteins ratio of the diet (e.g., Buchsbaum
et al. 1986; Castro et al. 1989; Romano 2000). Romano
(2000) has found that black-legged kittiwake chicks are
able to metabolize ~12% more energy from high-lipid
compared to low-lipid forage fish and, as a result, they
are able to accumulate large fat deposits if fed high-lipid
diets. Baseline and acute stress-induced levels of corti-
costerone reflect total body lipids in kittiwake chicks
(Kitaysky et al. 1999a); thus, it is not surprising that in
this study we found lower levels of corticosterone in red-
legged kittiwake chicks fed high-lipid diet (relatively
high body mass) compared to chicks fed low-fat diet
(low body mass).

The results of this and earlier studies (Nunez-de la
Mora et al. 1996, Kitaysky et al. 1999a) suggest that low
endogenous energy reserves in nest-bound semi-preco-
cial seabird chicks cause an elevation in baseline levels of
corticosterone and enhance corticosterone secretion
following the application of a standardized stressor. This
is in contrast to observations of chicks and juveniles of
altricial species of birds, where a relationship between
body condition and corticosterone secretion was not
found (Romero et al. 1998; Schwabl 1999; Sims and
Holberton 2000). It has been suggested that develop-
ment of the hypothalamic-pituitary-adrenal axis and
consequently a chick’s ability to respond to acute



stressors is associated with chick developmental modes
(Schwabl 1999; Sims and Holberton 2000). Specifically,
the hypothalamic-pituitary-adrenal axis probably be-
comes functional later in a chick’s life in altricial com-
pared to precocial species of birds. This would explain
the discrepancy in the results obtained for different
groups of birds.

Among birds that have precocial young, such as the
domestic fowl (Gallus gallus domesticus) and the mallard
(Anas platyrhynchos), the baseline plasma concentration
of corticosterone in chicks fed ad libitum does not
change significantly during the first 4 weeks after
hatching (reviewed in Holmes et al. 1990). In mallard
chicks fed ad libitum, a restraint for 30 min caused a
significant increase in corticosterone concentration and
the adrenal stress response was stronger in the chicks
during first 2 days post-hatch than between 3 weeks and
4 weeks of post-hatch (Holmes et al. 1990). Similarly, we
did not find a significant change in baseline levels of
corticosterone among black-legged and red-legged kit-
tiwake chicks fed ad libitum between 2 weeks and
5 weeks of postnatal life (Kitaysky et al. 1999a; this
study). Thus, it is likely that the hypothalamic-pituitary-
adrenal axis of precocial and semi-precocial chicks is
fully developed shortly after hatching. However, studies
of adrenocortical stress response of semi-precocial sea-
bird chicks at early ages are needed to confirm this
prediction.

Adrenocortical responses of precocial and semi-pre-
cocial chicks to nutritional stress and depleted energy
reserves are not uniform among different species. Free-
man et al. (1981) found that reducing food intake to
75% of ad libitum causes an increase in plasma corti-
costerone concentration after 1 week of restriction in the
precocial chicks of domestic fowl. Increased levels of
corticosterone were also recorded in protein-restricted
young of the domestic chicken in vivo, and ACTH
challenged adrenal steroidogenic cells in vitro (Mcllroy
et al. 1999; Carsia and Weber 2000). In semi-precocial
nest-bound chicks of blue-footed boobies, a short-term
food deprivation results in an increase of baseline levels
of corticosterone, which was associated with a low body
mass (Nunez-de la Mora et al. 1996). In nest-bound
chicks of semi-precocial black-legged and red-legged
kittiwakes, long-term dietary restriction also causes ele-
vation of baseline levels of corticosterone and enhances
adrenocortical response to acute stress (Kitaysky et al.
1999a; this study). In contrast to the results of these
studies, Rees et al. (1985) found that adrenocortical re-
sponses of immature chicken to an acute stressor and
ACTH challenge were reduced by food deprivation.
Similarly, increased adrenocortical response to an acute
stressor was not associated with dietary restrictions in in
vitro study of precocial domestic turkey (Meleagris
gallopavo, Carsia and Mcllroy 1998). Furthermore, in
semi-precocial young of American kestrels (Falco spar-
verius), baseline levels of corticosterone were not affected
and acute stress-induced levels of corticosterone were
reduced by long-term food-restriction (Heath and Dufty
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1998). Thus, modulation of adrenocortical activity of
chicks in response to food restriction can reflect not only
precocial-altricial spectrum of chick development, but
other ecological, physiological and behavioral traits of a
particular species (e.g., temporal variability in food re-
sources, rate of chick provisioning with food, metabolic
responses of chicks to food restrictions, and/or phylo-
genetic constraints (e.g., Kitaysky 1999). Also, in the
above-mentioned experimental studies, the duration of
food restriction ranged from 2 days to 4 weeks, and the
severity of dietary restriction ranged from complete food
deprivation to alterations of quality of diet fed ad libi-
tum. As the results of this current study show, the
temporal dynamics of adrenocortical response to nutri-
tional stress are complex, which might account for the
discrepancy in the results obtained by different studies of
related/same species of birds.

We are convinced that the results found in this study
were not merely a consequence of captive conditions,
but in fact reflect responses we could expect to see in
free-living red-legged kittiwakes. Other studies of adre-
nal response in young birds to a standardized acute
stressor did not indicate that those birds habituated to
frequent handling (Freeman et al. 1981; Dufty and
Belthoff 1997; Heath and Dufty 1998; Kitaysky et al.
1999a). Baseline and acute-stress induced levels of cor-
ticosterone recorded for captive chicks in this study were
within the range observed in free-living red-legged kit-
tiwake chicks. Furthermore, baseline and acute stress-
induced levels of corticosterone in free-living (not tick
infested) and captive chicks fed ad libitum were similar,
whereas baseline and acute stress-induced levels of cor-
ticosterone were similar between nutritionally stressed
captive chicks and free-living chicks infested with ticks.
It is possible that tick infestation causes severe metabolic
challenges to young red-legged kittiwakes, as has been
reported for chicks of other species of birds (reviewed in
Duffy 1983), which could result in enhanced adreno-
cortical function of tick-infested wild chicks similar to
under-nourished captive chicks. Finally, captive chicks
in all treatments were subject to similar controlled con-
ditions. The only differences between them were the
energy content and nutritional quality of their food.
Thus, it is reasonable to conclude that the results of this
study demonstrate differences in the functional re-
sponses of red-legged kittiwake chicks to variations in
energetic content and nutritional quality of their food.

To the best of our knowledge, this paper represents
the first experimental demonstration of the temporal
dynamics of adrenocortical response of nest-bound
semi-precocial chicks in relation to long-term dietary
restrictions. The results of this study suggest that for a
realistic assessment of adrenocortical response of chicks
to nutritional stress it is crucial to understand the tem-
poral dynamics of corticosterone release in relation to
diet composition and a chick’s energy requirements.
Non-manipulative observations and a single assessment
of adrenocortical activity at the end of long-term food-
restriction experiments might lead to equivocal results.



708

Specifically, our results indicate that there are three
phases of adrenocortical response of semi-precocial nest-
bound kittiwake chicks to long-term food shortages,
which are different from previously described phases of
fasting in young and adult birds (e.g., Cherel et al. 1988;
Le Ninan et al. 1988). Phase 1 — initial elevation of
baseline levels of corticosterone, occurs shortly after
chicks started experiencing negative energy balance and
is associated with a decrease in growth of body mass;
phase II — chronically elevated baseline levels of corti-
costerone, no change or slight decrease in body mass;
phase III — a suppression of corticosterone secretion, no
change in body mass. An extent and duration of each
phase probably depends on a chick’s ability to accu-
mulate fat reserves prior to a food shortage, how severe
dietary restrictions are, and developmental and physio-
logical responses to food shortages specific for a
particular group/species of birds.

Acknowledgements We thank Art Sowls and the members of field
crews at St. Paul Island and St. George Island for their help with the
collection of eggs and blood samples in the field, Kindree Brown-
bridge for great help with raising chicks, Morgan Benowitz-Fred-
ericks for doing proximate analyses of fish. Two anonymous
reviewers and M. Benowitz-Fredericks provided useful comments
on earlier version of the manuscript. Financial support for this study
was provided by the NPMR University Alaska Fairbanks grant to
A.S.K., J.C.W. and J.F.P., by the Exxon Valdez Oil Spill Trustee
Council (Restoration Project no. 00479 to A.S.K. and J.F.P., and by
the U.S. National Science Foundation (grant no. OPP9530826) to
J.C.W. Logistic support was also provided by the Alaska Maritime
National Wildlife Refuge, USFWS. The experimental manipula-
tions with birds were accomplished according to the rules of Lab-
oratory Animal Care and Use Protocol of the University of
Washington, and under the federal and state collection permits.

References

Axelrod J, Reisine TD (1984) Stress hormones: their interaction
and regulation. Science 224:452-459

Boag PT (1987) Effects of nestling diet on growth and adult size of
zebra finches (Poephilla guttata). Auk 104:413-441

Buchsbaum P, Wilson J, Valiela I (1986) Digestibility of plant
constituents by Canada geese and Atlantic brant. Ecology
67:386-393

Carsia RV, Mcllroy PJ (1998) Dietary protein restriction stress in
the domestic turkey (Meleagris gallopavo) induces hypofunction
and remodeling of adrenal steroidogenic tissue. Gen Comp
Endocrinol 109:140-153

Carsia RV, Weber H (2000) Dietary protein restriction stress in the
domestic chicken (Gallus gallus domesticus) induced remodeling
of adrenal steroidogenic tissue that supports hyperfunction.
Gen Comp Endocrinol 120:99-107

Castro G, Stoyan N, Myers JP (1989) Assimilation efficiency in
birds: a function of taxon or food type? Comp Biochem Physiol
92A:271-278

Cherel Y, Robin J-P, Le Maho Y (1988) Physiology and bio-
chemistry of long-term fasting in birds. Can J Zool 66:159-166

Cherel Y, Robin J-P, Heitz A, Calgary C, Le Maho Y (1992) Re-
lationships between lipid availability and protein utilization
during prolonged fasting. J Comp Physiol B 162:305-313

Duffy DC (1983) The ecology of tick parasitism on densely nesting
peruvian seabirds. Ecology 64:110-119

Dufty AM Jr, Belthoff JR (1997) Corticosterone and the stress
response in young western screech-owls: effects of captivity,
gender, and activity period. Physiol Zool 70:143-149

Freeman BM, Maning CC, Flack IH (1981) The effects of restricted
feeding on adrenal cortical activity in the immature domestic
fowl. Br J Poultry Sci 22:295-303

Heath JA, Dufty AM Jr (1998) Body condition and the adrenal
stress response in captive American kestrel juveniles. Physiol
Zool 71:67-73

Holmes WN, Cronshow J, Redondo JL (1990) The ontogeny of
adrenal steroidogenic function in the mallard duck (Anas
platyrhynchos). In: Wada M, Ishii S, Scanes CG (eds) Endo-
crinology of birds: molecular to behavioral. Jpn Sci Soc Press,
Tokyo/Springer, Berlin Heidelberg New York, pp 143-158

Kitaysky AS (1996) Behavioral, physiological and reproductive
responses of alcids (Alcidae) to variation in food availability.
PhD Thesis, University of California, Irvine

Kitaysky AS (1999) Metabolic and developmental responses of
alcid chicks to experimental variation in food intake. Physiol
Biochem Zool 72:469-473

Kitaysky AS, Piatt JF, Wingfield JC, Romano M (1999a) The
adrenocortical stress-response of black-legged kittiwake chicks
in relation to dietary restrictions. J Comp Physiol B 169:303—
310

Kitaysky AS, Wingfield JC, Piatt JF (1999b) Dynamics of food
availability, body condition and physiological stress response in
breeding black-legged kittiwakes. Funct Ecol 13:577-584

Kitaysky AS, Hunt GL Jr, Flint EN, Rubega MA, Decker MB
(2000) Resource allocation in breeding seabirds: responses to
fluctuations in their food supply. Mar Ecol Prog Ser 206:283—
296

Kitaysky AS, Wingfield JC, Piatt JF (2001) Corticosterone facili-
tates begging and affects resource allocation in the black-legged
kittiwake. Behav Ecol (in press)

Lack D (1968) Ecological adaptation for breeding in birds.
Methuen, London

Le Ninan F, Cherel Y, Sardet Y, Le Maho Y (1988) Plasma hor-
mone levels in relation to fat and protein metabolism during
prolonged fasting in king penguin chicks. Gen Comp Endo-
crinol 71:331-337

Mcllroy PJ, Kocsis JF, Weber E, Carsia RV (1999) Dietary protein
restriction stress in the domestic fowl (Gallus gallus domesticus)
alters adrenocorticotropin-transmembranous signaling and
corticosterone negative feedback in adrenal steroidogenic cells.
Gen Comp Endocrinol 113:255-266

Nunez-de la Mora A, Drummond H, Wingfield JC (1996) Hor-
monal correlates of dominance and starvation-induced aggres-
sion in chicks of the blue-footed booby. Ethology 102:748-761

Rees A, Harvey S, Phillips JG (1985) Adrenocortical responses to
novel stressors in acutely and repeatedly starved chickens. Gen
Comp Endocrinol 59:105-109

Romano MD (2000) Effects of diet on growth and development of
nestling seabirds. MS Thesis, Oregon State University,
Corvallis

Romero ML, Soma KK, Wingfield JC (1998) The hypothalamus
and adrenal regulate modulation of corticosterone release in
redpolls (Carduelis flammea — an Arctic-breeding song bird).
Gen Comp Endocrinol 109:347-355

Sapolsky RM (1992) Neuroendocrinology of the stress response.
In: Becker JB, Breedlove SM, Crews D (eds) Behavioral
endocrinology. MIT Press, pp 287-324

Sapolsky RM, Krey LC, McEwen BS (1986) The neuroendocri-
nology of stress and aging: the glucocorticosteroid cascade
hypothesis. Endocr Rev 7:284-301

Sapolsky RM, Romero ML, Munck AU (2000) How do gluco-
corticoids influence stress responses? Integrative permissive,
suppressive, stimulatory, and preparation actions. Endocr Rev
21:55-89

Schwabl H (1999) Developmental changes and among-sibling
variation of corticosterone levels in an altricial avian species.
Gen Comp Endocrinol 116:403-408

Sims CG, Holberton RL (2000) Development of the corticosterone
stress response in young northern mockingbirds (Mimus poly-
glottos) Gen Comp Endocrinol 119:193-201

Sokal RR, Rohlf FJ (1981) Biometry. Freeman, San Francisco



Van Pelt TI, Piatt JF, Lance BK, Roby DD (1997) Proximate
composition and energy density of some north Pacific forage
fishes. Comp Biochem Physiol 118A:1339-1398

Welberg LAM, Seckl JR (2001) Prenatal stress, glucocorticoids and
the programming of the brain. J Neuroendocrinol 13:113-128

Wilkinson L (1992) Systat for Windows. SYSTAT, Evanston,
Illinois

Wingfield JC (1994) Modulation of the adrenocortical response to
stress in birds. In: Davey KG, Peter RE, Tobe SS (eds)

709

Perspectives in comparative endocrinology. National Research
Council of Canada, Ottawa, pp 520-528

Wingfield JC, Farner DS (1975) The determination of five steroids
in avian plasma by radioimmunoassay and competitive protein
binding. Steroids 26:311-327

Wingfield JC, Vleck CM, Moore MC (1992) Seasonal changes of
the adrenocortical response to stress in birds of Sonoran Desert.
J Exp Zool 264:419-428



